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[1] Multiaxis differential optical absorption spectroscopy (MAX-DOAS) has many
advantages that make it ideally suited for trace gas monitoring. MAX-DOAS instruments
can be relatively small, are easy to operate, and allow long-term automated operation.
The MAX-DOAS technique also allows derivation of vertical aerosol and trace gas
profiles in the troposphere and thus the monitoring of pollution aloft. However, this
relatively new technique still requires validation to determine uncertainties, for
example, introduced by the radiative transfer modeling needed to derive trace gas
concentrations. Here we present MAX-DOAS measurements of NO, and HCHO
performed in the Gulf of Maine during the ICARTT campaign in summer 2004.

0,4 measurements were performed to gain information on the vertical distribution of
aerosols, which were used in radiative transfer calculations to convert the measured trace
gas slant column densities to concentrations. The successful identification of an aerosol
layer between 1 and 2 km altitude illustrates the potential for aerosol remote sensing.
The comparison with LP DOAS measurements performed simultaneously shows that
MAX-DOAS accurately measures trace gases that are well mixed within the boundary
layer. MAX-DOAS measurements also provide valuable information on the vertical
distribution of pollutants in and above the boundary layer, as demonstrated by the
identification of elevated HCHO levels in a layer between 1 km and 2 km altitude.

This phenomenon, which is associated with outflow of continental air from the
American northeast, was not detected by in situ ground-based instruments.
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1. Introduction

[2] Absorption spectroscopy using scattered solar light
has made significant contributions to our understanding of
the stratospheric chemistry of O3, BrO, OCIO, and NO; [e.g.,
Mount et al., 1987; Noxon, 1975; Solomon et al., 1987,
Sanders et al., 1988]. Recently this method has been further
developed to study tropospheric trace gases. This new multi-
axis differential optical absorption spectroscopy (MAX-
DOAS) technique is based on path integrated absorption
measurements in different viewing directions, i.e., different
elevation and/or azimuth angles [Honninger and Platt,2002].
The measured trace gas slant column density (SCD) is then
converted to a vertical column density (VCD) using the air
mass factor (AMF), i.e., the averaged light path enhancement
for solar light traveling through the atmosphere compared to
a straight vertical path [Perliski and Solomon, 1993]:
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[3] For a tropospheric absorber, the AMF will strongly
depend on the telescope’s elevation angle «, while the
stratospheric AMF will mainly depend on the solar zenith
angle, 9. To a first approximation, which is based on the
assumption that the tropospheric trace gas is located
below the most probable scattering altitude of sunlight,
~5 km altitude, tropospheric and stratospheric air mass
factors are simple geometric functions of « and ¢
[Honninger, 2002]:

1

AMFT)”op = E (23)
1

AMFsy0s = m (Zb)

[4] By measuring scattered light in the zenith and at a
small elevation angle simultaneously, MAX-DOAS is
thus able to distinguish between stratospheric and tropo-
spheric absorbers. The comparison of low elevation and
zenith absorption measurements also serves the purpose
of removing Fraunhofer absorption lines in the solar
spectrum. MAX-DOAS measurements therefore result
in differential slant column densities (DSCD), i.e., the
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difference between low elevation and zenith SCDs
[Hénninger et al., 2004a]:

DSCD = SCD(cv) — SCDnirh 3)

[s] To interpret DSCDs a differential air mass factor
(DAMF) must be calculated, which can then be used to
determine the vertical trace gas column in the lower
troposphere, VCDyp:

DAMF = AMF (o) — AMF .oy, (4)
DSCD
VCD,
C trop DAMF (5)

[] MAX-DOAS has been used to detect tropospheric
BrO and OCIO during the polar sunrise in the Arctic [Miller
et al., 1997; Honninger and Platt, 2002], to determine
tropospheric NOj3 profiles [von Friedeburg et al., 2002],
and for the measurement of pollutants such as NO, [von
Friedeburg et al., 2005; Sinreich et al., 2005; Leigh et al.,
2006] and HCHO [Heckel et al., 2005].

[7] MAX-DOAS has number of unique capabilities that
make it ideally suited to monitor tropospheric trace gases.
Clear identification of trace gases is achieved by using the
unique differential absorption structure of each gas. Because
the light paths are in the open atmosphere, calibrations are
not necessary to derive DSCDs. At low elevation viewing
angles light paths in the troposphere are long, and accord-
ingly low detection limits can be achieved. MAX-DOAS
instruments can be relatively small, simple to operate, and
fully automated long-term operation is easily achievable.
MAX-DOAS also offers the capability to determine trace
gas concentrations averaged over the lowest 0.1-2 km of
the atmosphere. Information on the vertical profiles of trace
gases and optical properties of the tropospheric aerosols can
also be retrieved [Héonninger et al., 2004a, 2004b; Wagner
et al., 2004; Friess et al, 2006]. A particularly intriguing
application of this capability is the identification and quan-
tification of pollution above the boundary layer, as is for
example often observed during pollution outflow from the
east coast of the US over the Atlantic ocean [4Angevine et al.,
1996a, 2004].

[8] The challenge in the application of MAX-DOAS is
the conversion of the DSCDs to VCDs and vertical con-
centration profiles. Radiative transfer calculations are re-
quired to accurately determine the air mass factors (AMF).
The uncertainties of both aerosol profile and trace gas profile
introduce uncertainties in the AMF, which make it often
difficult to assess the accuracy of MAX-DOAS results.

[9] MAX-DOAS is a relatively new method. Hence
questions on the accuracy of tropospheric trace gas concen-
trations determined by MAX-DOAS and the suitability of
MAX-DOAS observations for trace gas monitoring remain.
Consequently there is a pressing need for validations of
MAX-DOAS observations. Few such efforts have been
reported. Hénninger et al. [2004b] compared long-path
(LP)-DOAS observations made along a light path 30 m
above the ice surface at Hudson Bay, Canada with MAX-
DOAS observations of BrO at a 5° elevation viewing angle.
Assuming a 1 km high mixed layer (based on previous
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observations) both instruments agreed well on most days.
On a few days, however, only MAX-DOAS detected BrO.
The authors suggest the presence of BrO in the free tropo-
sphere as a possible explanation. Observation of traffic-
related NO, during the Bundesautobahn II motorway
campaign in Heidelberg, Germany [von Friedeburg et al.,
2005], also allowed a comparison between LP-DOAS and
MAX-DOAS data. The authors found reasonable agree-
ment, considering the highly nonuniform conditions in this
setup. Heckel et al. [2005], compared formaldehyde meas-
urements in the Po Valley, Italy, by a Hantzsch-type in situ
instrument, a long-path LP-DOAS, and a MAX-DOAS
instrument. Under the assumption of a 500 m high well-
mixed boundary layer the three instruments agreed in
general within +1 ppb, showing a very good agreement in
the temporal behavior of HCHO.

[10] Validation of the MAX-DOAS method, which pro-
vides spatially averaged concentrations of tropospheric trace
gases with in situ methods is often challenging if trace gases
are not spatially homogeneously distributed. One way to
overcome this challenge is to perform validation efforts
downwind from trace gas sources, where a certain spatial
homogeneity can be expected.

[11] In addition, LP-DOAS measurements are ideally
suited to be compared to MAX-DOAS observations. LP-
DOAS is a well-established method which provides con-
centrations averaged over a distance of a few kilometers.
Depending on the light-path geometry, i.e., path length and
altitude interval, LP-DOAS measurements observe a similar
tropospheric volume as a MAX-DOAS instrument.

[12] Here we present results from colocated ground-based
MAX-DOAS and LP-DOAS measurements of formalde-
hyde and nitrogen dioxide during the International Consor-
tium for Atmospheric Research on Transport and
Transformation (ICARTT, http://www.esrl.noaa.gov/csd/
ICARTT/) study in summer 2004. The purpose of our study
was to explore the capabilities of MAX-DOAS to accurately
measure trace gas concentrations near the ocean surface and
to determine if aerosol and trace gas profiles can be derived
in this complex environment. We discuss the derivation of
aerosol and trace gas profiles based on our MAX-DOAS
observations. The results of this retrieval are then compared
to the LP-DOAS measurements to assess the performance
of the MAX-DOAS technique.

2. Experimental Section

[13] Simultaneous DOAS measurements were performed
by UCLA’s MultiAxis (MAX) DOAS and long-path (LP)
instruments from 5 July through 10 August 2004 at the Isles
of Shoals. The Isles of Shoals are a group of small islands
located in the Gulf of Maine 10 km off the coast of
Portsmouth, New Hampshire, USA (42°/58'N—-70°/37'W).
Levels of pollutants in the Gulf of Maine are strongly
influenced by the unique meteorological conditions of this
region [Angevine et al., 1996a, 1996b, 2004]. Under south-
erly winds the Isles of Shoals are in the outflow of the New
York—Boston corridor, receiving high levels of primary and
secondary pollutants. Westerly winds lead to a more conti-
nental outflow which is dominated by biogenic emissions
from the forested areas in New Hampshire and Maine. Only
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Figure 1. Experimental setup at the Isles of Shoals.

Dashed lines indicate the MAX-DOAS viewing geometry
(see text for more details). The LP-DOAS light path is
shown as a solid line. This sketch is not to scale.

during easterly winds are marine, and thus relatively clean
air masses observed.

[14] Previous observations during the North Atlantic
Regional Experiment (NARE) [Angevine et al., 1996a,
1996b] and the New England Air Quality Study (NEAQS)
[Angevine et al., 2004] often showed strong surface inver-
sions and layering in the lowest 3 km of the atmosphere
over the Gulf of Maine. Two different pollution transport
scenarios can be observed. In the first case, continental air
moves over the colder water of the Gulf of Maine and
strong horizontal wind shear and a low-level jet lead to the
formation of isolated atmospheric levels. In this case the air
in the marine boundary layer has the composition of
polluted continental air. In the more complex second case,
continental air meets a sea breeze and, instead of being
mixed with marine air, it is lifted to higher altitudes, while
air at the surface remains unaffected by the continental
outflow and relatively clean [Angevine et al., 1996a]. A
small amount of local emissions by recreational and com-
mercial marine vessels is also present around the Isles of
Shoals.

2.1. Long-Path (LP) DOAS Instrument

[15] The UCLA LP-DOAS system consists of a coaxial
double Newtonian telescope which sends a collimated beam
of light from a Xe-arc lamp onto a distant array of quartz
corner cube prisms. This retroreflector array sends the light
back to the telescope where it is focused onto a quartz fiber
and sent to a grating spectrometer (Acton Spectra Pro 500),
thermally stabilized to 35°C, with a photodiode array
detector (Hoffmann Messtechnik with Hamamatsu S3904
PDA), cooled to —20°C. A detailed description of the LP-
DOAS setup is given by Alicke et al. [2002] and Stutz and
Platt [1997]. The LP-DOAS telescope was located on the
Sth floor of a WWII observation tower on Appledore Island,
35 m above the ocean surface (Figure 1). The retroreflector
array, determining the other end of the light path, was
placed on White Island, 2.3 km south of the telescope and
~15 m above the ocean surface. Four different wavelength
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intervals were measured sequentially. Here we report the
measurements of NO, and HCHO made in the UV from 300
to 380 nm. Measurements in this interval were typically
performed using the multichannel scanning technique
[Brauers et al., 1995] every 20—30 min with integration
times of 5—10 min depending on visibility.

2.2. MAX-DOAS Instrument Description

[16] The UCLA MAX-DOAS instrument was developed
for long-term automated observations of HCHO, NO,, BrO,
10, OIO, and L. It consists of a telescope module with two
elliptical 45° flat mirrors. One of the mirrors is mounted on
a stepper motor to scan in the elevation plane. This mirror-
motor combination is mounted on a rotating stage together
with the second 45° mirror to scan the in the azimuth
direction (Figure 2). This set up allows the instrument to
point and collect light from any direction in the sky at any
elevation except for a small interval of about 20° in the
azimuth. Mounted between the rotating stage and a third 45°
mirror that directs light onto a 150 mm focal length lens is a
filter wheel driven by another stepper motor. The filter
wheel is used to block the light beam to measure back-
ground spectra. The lens focuses the light onto a 5 m long,
1 mm diameter quartz fiber that transmits the light to the
200 pm width entrance slit of an Czerny-Turner type grating
spectrometer (Acton Spectra Pro 300i, 600g/mm grating)
coupled to a Hamamatsu 1024 pixels photodiode array
(Hoffmann Messtechnik with Hamamatsu S3904 PDA).
The spectrometer has a spectral resolution of 0.92 nm which
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Figure 2. Sketch of the UCLA MAX-DOAS instrument.
The telescope assembly, the spectrograph, electronics, and
the computer are mounted in two weatherproof enclosures.
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Table 1. DOAS Trace Gases Spectral Evaluation Information®

Trace Gas Wavelength Interval, nm Trace Gas References Fitted
NO, 413-446 NO,, Oy, 10, H,0, C,H,0,
HCHO 328-346 HCHO, NO,, O4, BrO, O3
0, 350-389 0,, NO,, HCHO, BrO, Os

“The spectral intervals were chosen to minimize residual structures and to
optimize the stability of the fit.

is calculated as the full width at half of the maximum of the
mercury spectrum line at 345 nm, and a linear dispersion of
0.13 nm/pixel. It is thermally stabilized at 35°C. The PDA is
cooled to —20°C. The stepper motors, spectrometer heating,
PDA cooling, signal processing and data transfer are con-
trolled by a personal computer. The telescope assembly has
an angular field of view of ~0.4°. The pointing accuracy is
+0.075° in elevation and +0.15° in azimuth. Particular care
is given to the precise leveling to within +0.06° of the
telescope to ensure the accuracy of the scanning elevation
angles. The instrument automatically records Hg emission
line spectra, dark current, and electronic offset spectra at
night.

[17] On Appledore Island the MAX-DOAS instrument
was located at the bottom of the WWII tower and was
collecting scattered sunlight from five different elevation
viewing angles: 1°, 3°, 5°, 15°, and 90°; with an azimuth
viewing angle almost parallel to the LP-DOAS line of sight
(Figure 1). The MAX-DOAS instrument was measuring in
subsequent sets of elevation viewing angles in a 130 nm
wavelength interval with a center wavelength of 385 nm. A
typical sequence for one wavelength interval required
approximately 5 min.

2.3. Spectral Evaluation

[18] The spectral analysis of the LP and MAX-DOAS
spectra was performed using a combination of linear and
nonlinear least squares fit [Stutz and Platt, 1996]. Details of
the LP-DOAS evaluation procedure are given by Alicke et
al. [2002] and will not be repeated here. The absorption
cross sections used in the LP-DOAS analysis are identical to
those used for the MAX-DOAS analysis (see below).

[19] MAX-DOAS spectra were analyzed in three different
spectral intervals (Table 1). In all three intervals a tempo-
rally close zenith spectrum (as a Fraunhofer reference) and
simulated Ring spectrum [Vountas et al., 1998] were fitted
together with a polynomial of degree 5 after being low-pass
filtered by a ten fold triangular smoothing.

[20] All reference absorption cross sections were convo-
luted with a instrument function determined using a mea-
sured Hg line. The convolution process also corrected for
the I effect, caused by the highly structured solar spectrum
[Aliwell et al., 2002]. Table 2 lists the references for the
absorption cross sections used in the analysis. Figure 3
shows an example of the spectral evaluation of HCHO for
a MAX-DOAS spectrum recorded on 17 July 2004 at
1852 UT at a 1° elevation viewing angle.

[21] In the presence of thick fog, when solar radiation is
direction-independent, peak-to-peak residual values were
2 — 3 x 10 *. This value represents the instrument-imposed
limit on optical density that can be detected in a time interval
of 1-2 min. During sunny days with high trace gas concen-
trations average peak-to-peak residual values for the MAX-
DOAS instrument were in the range of 9 x 10~% to 1.2 x
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107>, The higher residual in this case arises from uncertain-
ties in the description of the absorption structures. The DSCD
error averaged over the campaign for HCHO was 1.1 X
10'® molecules/cm? and 5.0 x 10" molecules/cm? for NO,.

2.4. Radiative Transfer Calculations

[22] In order to interpret the MAX-DOAS absorption
measurements, radiative transfer calculations were per-
formed using the TRACY model developed at the Univer-
sity of Heidelberg, Germany [von Friedeburg, 2003]. This
3-D Monte Carlo radiative transfer model was designed for
the interpretation of MAX-DOAS slant column densities,
and derives air mass factors for trace gas profiles at a given
wavelength, observation geometry, and aerosol load. All air
mass factors were calculated for spatial location and the
solar zenith and solar azimuth at the time of the measurement.

[23] For the most simple retrieval example, concentration
of a trace gas that is confined to and evenly distributed
within the boundary layer can be calculated on the basis of
the DSCD measured by the MAX-DOAS instrument using
equations (3)—(5). The AMF for this case is calculated by
TRACY, on the basis of a user defined aerosol profile. The
conversion from the tropospheric VCD to a concentration
can then be derived using the boundary layer height.
However, in many cases the aerosol profiles, which have
a large impact on the AMFs, are unknown, and trace gases
are often not evenly distributed in the boundary layer. In this
case the VCD and concentration retrieval is more involved.

[24] Random errors in AMF calculations from TRACY
have their origin in the statistical errors of the Monte Carlo
method, i.c., the statistics of averaging over a number of
modeled photons. Because of limits in computer time, this
error was on the order of 2%. It should be noted that the error
can be further reduced by using a larger number of photons.

2.5. Derivation of Aerosol Profiles

[25] Because radiative transfer in the atmosphere is
strongly influenced by aerosol scattering, accurate informa-
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Figure 3. Result of the HCHO spectral analysis of a 1°
elevation viewing angle MAX-DOAS spectrum recorded on
17 July 2004 at 1853 UT. A HCHO DSCD of (1.32 £ 0.08) x
10'7 molecules/cm? was found in the spectrum. For a 700 m
high well-mixed boundary layer this is equivalent to a
mixing ratio of 4.9 £ 0.5 ppb.
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Table 2. References Used for DOAS Analysis

Spectral Reference Source

NO, reference cell recorded by the instrument at the
measurements wavelength interval calibrated
with NO, absorption cross section reference by
Voigt et al. [2002]

(N Greenblatt et al. [1990]

HCHO Meller and Moorgat [2000]

10 Honninger [1999]

H,O HITRAN, 2004

C,H,0, Volkamer et al. [2005]

05 Voigt et al. [2001]

BrO Wahner et al. [1988]

tion on the vertical profiles of aerosol extinction coefficient,
single scattering albedo, and phase function is required. Our
investigation, as well as previous studies [e.g., von Friedeburg,
2003; Wittrock et al., 2003; Heckel et al., 2005] show that
aerosol extinction profiles have the strongest impact on AMF
values.

[26] By measuring the UV/visible absorption features of
04, the collisional complex of two oxygen molecules,
MAX-DOAS offers an elegant way to obtain the required
aerosol data [Wagner et al., 2004]. The atmospheric Oy
concentration is solely dependent on the square of the air
pressure, and therefore its concentration profile is to a very
good approximation constant with time, with largest values
in the lower atmosphere. Consequently, the O, DSCDs
measured by the MAX-DOAS depend solely on the AMF,
hence on radiative transfer. The best aerosol profile for the
scenario under investigation is found when the measured Oy4
DSCD, divided by the modeled O4 DAMFs, yield the same
values for the O4 VCD for all elevation angles.

[27] In a recent theoretical study Friess et al. [2006]
describe how the use of O,4 absorption bands at four wave-
lengths together with MAX-DOAS intensity data can be
used for an automated aerosol retrieval.

[28] Here we adopted a different approach, by using back
trajectories (from NOAA ARL HYSPLIT model http://
www.arl.noaa.gov/ready/hysplit4.html) and wind profiler
data (from the Environmental Technology Laboratory
Boundary Layer Wind Profiler Studies, NOAA Environ-
mental Technology Laboratory) to constrain the shape of
acrosol profiles by providing boundary layer heights, and
the air mass origin at various altitudes. The various aerosol
profiles in this study are variations of standard aerosol
profiles used in the radiative transfer modeling comparison
exercise by Hendrick et al. [2006], constructed for mari-
time, rural, and urban scenarios according to the model of
Shettle [1989]. All profiles, with the exception of two
profiles used for a sensitivity study, are based on a single
scattering albedo of (0.982). The phase function is based on
Henyey and Greenstein [1941].

[29] On the basis of the meteorological data, we con-
structed aerosol profiles and compared the tropospheric O4
VCDs of the four low elevation scans. The profiles were
then manually optimized within the boundary conditions
imposed by the meteorological observations. The result of
this process and the detailed explanation of the aerosol
extinction profiles (Figure 4) will be given below.
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[30] The aerosol extinction profile that described the Oy4
VCDs best was then used as input to calculate DAMFs for
the target species. The optimization was done manually in
our study. This was motivated by a desire to better under-
stand how MAX-DOAS measurements are influenced by
meteorological conditions and the vertical aerosol and trace
gas distribution, as well as to explore the potential of an
automated retrieval when applied to real data.

2.6. Concentration Profile Retrieval

[31] In addition to the dependence on the aerosol profile,
trace gas AMFs are also a function of the vertical trace gas
concentration profile itself. This can be illustrated by
introducing Box-AMFs, or BAMFs, which are defined as
the air mass factors for a given atmospheric layer. By
subtracting the zenith sky BAMF from the low elevation
viewing angle BAMF in the respective layer we obtain
Differential Box AMFs (DBAMFs).

[32] Figure 5 shows examples for the aerosol scenarios
“Trop” and “Trop9” (see Figure 4) derived for July 2004 at
Appledore Island. The lowest part of the boundary layer has
a high DBAMF of ~40 for the 1° elevation viewing angle,
while the 15° DBAMF is only ~3.5. Trace gases at higher
altitudes contribute more evenly to the AMF of different
viewing elevation angles.

[33] Differential Box AMFs along with the MAX-DOAS
measured DSCDs were used to retrieve trace gas profiles for
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Figure 4. Aecrosol extinction coefficient profiles used as
input for the radiative transfer model. (top) Profiles with the
maximum extinction at the surface and (bottom) profiles
with elevated extinction aloft.
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Figure 5. Differential box AMF at 422 nm for the “Trop™
and “Trop9” aerosol profiles (see Figure 4) at a solar zenith
angle of 24.8.

Appledore Island. A DSCD for a particular elevation
viewing angle, «;, can be expressed as:

DSCD(o;;) = Em: [DBAMF; - Ak - Cj] (6)

J=1

[34] Where i is the index of the elevation viewing angle,
j is index of modeled atmospheric altitude interval with
height Ah;, C; is concentration of the trace gas within the
Jjth box, and DBAMEF; is the differential box air mass factor
for elevation «; and altitude ;.

[35] To derive a trace gas profile we started with an initial
trace gas vertical profile, constrained by meteorological
observations, and calculated the DSCDs for each elevation
viewing angle using equation (6). These calculated DSCDs
were then compared with the DSCDs measured by the
MAX-DOAS. The trace gas vertical concentration profile
was then iteratively adjusted until agreement between
calculated and measured DSCDs was achieved for all
elevation viewing angles. Details of this manual optimiza-
tion process are given below.

3. Results and Discussions

[36] We chose two days of our MAX-DOAS measure-
ments, 11 and 17 July 2004, for our intercomparison. Both
days were cloud-free, simplifying the MAX-DOAS retrieval.
Wind trajectories show that the sampled air masses came
from approximately the same direction. At the same time
NO, and HCHO levels measured by the LP-DOAS as well as
DSCDs from the MAX-DOAS differ significantly between
these two days. The days 11 and 17 July 2004 are therefore
ideally suited to study the accuracy of MAX-DOAS measure-
ments. In the following, the derivation of aerosol profiles will
be discussed, followed by the intercomparison of NO, and
HCHO measurements between MAX-DOAS and LP-DOAS.

3.1. Derivation of Aerosol Properties

[37] Following the approach discussed above, various
aerosol extinction profiles (Figure 4, top) were applied to
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determine the conditions at Appledore Island on 17 July
2004. Figure 6 shows the O, VCD calculated on the basis of
the MAX-DOAS observations from 17 July 2004 at
1500 UT for the aerosol profiles shown in Figure 4. Very
high aerosol extinctions (“Tropl,”” Figure 4) lead to different
VCDs for all elevation viewing angles, and to unreasonably
high VCD values. Decreasing the extinction coefficients at
the ground (“Trop4” and “Trop3,” Figure 4) still over-
estimates the DVCDs for 1°, 3°, and 5° elevation viewing
angles (Figure 6), but improves the agreement successively.
The best aerosol profile for 17 July, “Trop” in Figure 4, has
an extinction coefficient at the ground of 0.08 km ', which
decreased linearly in the lowest 2 km and exponentially in the
rest of the troposphere. This profile leads to the expected
value of the O4 VCD and to an excellent agreement between
the four elevation angles. A profile with constant aerosol
extinction of 0.08 km ™' in the lowest kilometer and an
exponential decay aloft (“Trop2”’) showed larger differences
in the VCDs.

[38] The entire data set of MAX-DOAS measured Oy4
DSCDs and VCDs derived with the “Trop” profile on
17 July 2004 is shown in Figure 7. In general, the agree-
ment between the VCDs from the four elevation viewing
elevation angles is very good, except between 1700 UT and
2000 UT. We attribute this disagreement to a change in the
actual aerosol profile during this time.

[39] In the same way as for 17 July 2004, all aerosol profiles
depicted in Figure 4 were used to identify those that best
describe the conditions at Appledore Island on 11 July 2004
(Figure 8). The O4 VCDs of profiles Trop3, Trop2, and Trop
(Figure 4), of which Trop agrees best, allow a first estimate of
the magnitude of the extinction profile. However, the Oy
VCDs at 1° elevation viewing angle was consistently low
for all these profiles. Because the 1° elevation angle measure-
ment is most sensitive to the tropospheric layers closest to the
surface (see Figure 5), the “true” aerosol extinction profile
must have smaller aerosol extinction at the surface than
aloft. To further constrain this aerosol profile we calculated
HYSPLIT back trajectories for 1500 UT on 11 July 2004

0.7

o 1°elevation 0 3°elevation
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Figure 6. O, VCDs calculated on the basis of DSCDs
observed on 17 July 2004, 1515 UT (SZA = 28.8), and
various aerosol extinction profiles shown in Figure 4.
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Figure 7. MAX-DOAS O4 DSCDs and VCDs on 17 July
2004. The VCDs were derived on the basis of the “Trop”
acrosol profile (Figure 4).

which showed a mixed layer height of approximately 300 m
and different air mass origins below and above 300 m. NOAA
ETL wind profiler data at Appledore Island showed sharp
wind speed and wind direction changes around 300 m altitude,
also pointing to a mixed layer boundary at this altitude.
Between 300 m and 1000 m altitude the wind direction
gradually changed. Between 1 km and 2 km the wind direction
was fairly constant and changed again above 2 km. These
changes in wind direction support the assumption that the
aerosol extinction coefficient above 300 m is different from
that at the surface. Another piece of evidence for a layer of
aerosol comes from the MAX-DOAS measurements of
HCHO. Formaldehyde DSCDs for 11 July 2004 were elevated
but did not exhibit a dependence on the elevation viewing
angle, suggesting that most of the HCHO was located aloft (see
also discussion below). We therefore concluded that a layer of
continental air with increased formaldehyde and high aerosol
extinction was present above ~300 m. We consequently
changed our original aerosol extinction profile to include such
alayer of high aerosol extinction (“Trop5” through “Trop18,”
Figure 4 (bottom)). As illustrated in Figure 8 aerosol profiles
“Trop8” and “Trop9” both produce a very good agreement in
04 VCDs from all four elevation viewing angles. The fact that
both profiles agreed well is most likely due to the agreement of
the vertically integrated aerosol extinctions for both aerosol
profiles, i.e., 0.232 for “Trop8” and 0.234 for “Trop9.”
Therefore we cannot with certainty determine which of these
two profiles is the “true” profile for 11 July 2004 on the basis
of the MAX-DOAS observations alone. However, wind
profiler data points toward “Trop9” as a more accurate
representation of the conditions during this day and time, since
the sharp wind speed and direction change between 300 m and
400 m followed by the more gradual change between 400 m
and 1 km observed by the wind profiler agrees better with
aerosol extinction profile “Trop 9.”

[40] We also calculated O, VCDs resulting from the
aerosol extinction profile “Trop15” that has higher extinc-
tion coefficients than “Trop9” above 2.5 km. For this

INTERCOMPARISON OF MAX- AND LP-DOAS

D10S01

modified aerosol, O4 VCDs also agree for all elevation
viewing angles. This is not surprising because the box air
mass factors for the zenith and low elevation viewing
directions are very similar in this altitude range. Since
MAX-DOAS analysis for the low elevation viewing angles
is performed relative to the 90° viewing direction, little
information on the tropospheric layers above 3 km is left in
the O4 DSCDs.

[41] The effect of aerosol composition on the O, VCDs
was also investigated. Radiative transfer calculations for the
“Trop9” profile were performed with the single scattering
albedo value of (0.982) for marine aerosol. In addition, we
performed calculations for aerosol that had the same vertical
extinction profile as “Trop9,” but the aerosol layer aloft
was assigned a single scattering albedo values of 0.95 for
rural aerosol (“Tropl8”’), and 0.7 for urban aerosol
(“Tropl6”) [Shettle, 1989]. These changes did not make a
significant impact on the agreement between O, VCDs.

[42] Figure 9 shows MAX-DOAS measured O, DSCDs
as well as VCDs calculated with the “Trop9” aerosol
profile. Between 1500 UT and 1800 UT a very good
agreement between the O, VCDs of the four elevation
angles is observed, showing the presence of the elevated
aerosol layer during this period.

[43] The examples presented here show clearly that
MAX-DOAS is able to determine the vertical distribution
of aerosol in the lowest 2—3 km of the atmosphere. Various
factors have to be considered to determine the uncertainty of
the retrieval. The DOAS measurement and the spectral
analysis of the O, absorption bands introduce a statistical
error on the order of 4%. Another statistical uncertainty of
2% originates in the Monte Carlo RTM modeling of the O,
and trace gas AMFs. The uncertainty most difficult to
quantify results from ambiguities between two aerosol
profiles yielding sets of O4 DSCDs which match the
observations within the uncertainties. We approached this
problem by constraining the profiles with meteorological
observations and by systematically testing different sets of
aerosol profiles (for example, Figure 4). On the basis of the
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Figure 8. O, VCDs calculated on the basis of DSCDs
observed on 11 July 2004, 1500 UT (SZA = 28.9), and
various aerosol extinction profiles shown in Figure 4.
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Figure 9. O4 DSCDs and VCDs on 11 July 2004. The
VCDs were derived on the basis of the “Trop9” aerosol
profile (Figure 4).

comparison of the different O4 VCD sets in this work, the
aerosol extinction coefficient error can be estimated as
0.01 km™ ', ie, ~12% at altitudes below ~4 km. The
uncertainty in the height of the boundary layer and the
elevated layer, determined on the basis of our calculations,
is in the range of 100 m for the MBL and 200—300 m for
the elevated layer.

[44] While the exact shape of the aerosol layer above the
mixed layer is somewhat uncertain it is clear that MAX-
DOAS is able to identify such layers, which often go
unnoticed at the ground. As described by Friess et al
[2006] the aerosol retrieval can be improved and automated
by measuring O, absorptions at more wavelengths and
by including the intensity of the measurements. In our case,
O, absorptions at one wavelength and additional meteoro-
logical information was sufficient to retrieve the profile
successfully. It should be possible to automate this retrieval
method in order to use MAX-DOAS as an aerosol moni-
toring tool, i.e., as an alternative to much more expensive
and work intensive methods such as backscatter LIDAR or
tethered balloons.

3.2. Trace Gases on 17 July 2004

[45] The DSCDs of HCHO on 17 July showed a clear
separation in the four elevation angles (Figure 10). From the
wind profiler data for 17 July 2004 at Appledore Island, a
MBL height of 700 m was estimated. Because the Isles of
Shoals are far from any HCHO or HCHO precursor source
we assumed that formaldehyde was well mixed in the MBL.
On the basis of the aerosol profile derived for this day
(“Trop,” Figure 4) we then calculated DBAMFs for form-
aldehyde well mixed within the lowest 700 £ 100 m. As
shown in Figure 10, the MBL concentrations derived on the
basis of this assumption before 1800 UT agree for all
measured elevation viewing angles. A number of other
profiles (not shown) were used to determine the uncertainty
of these results. For example, tests with more than 1 ppb of
HCHO above 700 m lead to DCSD values for the 15°
viewing elevation angle higher than the observations.

INTERCOMPARISON OF MAX- AND LP-DOAS

D10S01

Above the 700 m boundary layer, we can therefore not
detect HCHO levels below 1 ppb extending up to 4 km
attitude. A lower or higher boundary layer leads to changes
in the 3° and 5° elevation DSCDs, while higher or lower
concentrations in the lowest 100 m above the ocean surface
influence the 1° elevation DSCD. We therefore determined
an error for the boundary layer height of £100 m. Within the
boundary layer the uncertainty in the derived HCHO con-
centrations is =0.5 ppb for the elevation angles below 15°.
The 15° error is higher because of the lower sensitivity
toward the boundary layer.

[46] HCHO mixing ratios averaged over the MBL in-
creased slowly from 2 ppb to 4 ppb from 1200 to 1800 UT.
The HCHO concentrations after 1800 UT showed a certain
dependence on elevation, which is not too surprising since
the O, analysis in section 3.1 indicated that the aerosol
profile changed around this time.

[47] A comparison with the simultaneous LP-DOAS data
showed an excellent agreement, considering that the LP-
DOAS measures in a shallow layer near the ocean surface,
while the MAX-DOAS mixing ratios are averaged over the
MBL. The two measurements in general agreed within 1 ppb
and also showed a very similar temporal variation. It should
be noted that, considering the errors of both measurements
and the uncertainty in the boundary layer height of ~100 m,
this agreement confirms our observation that HCHO is
vertically well mixed in the MBL. Angevine et al. [2004]
describe a case very similar to our observations where
continental pollution was confined to a 400—600 m deep
boundary layer at Appledore Island.

[48] The NO, DSCDs measured by the MAX-DOAS on
17 July 2004 also exhibit a clear separation between the
elevation viewing angles (Figure 11), suggesting that NO,,
just as HCHO, must be well mixed within the boundary
layer or at least confined close to the ocean surface. Using
the same radiative transfer model parameters for NO, as for
HCHO leads to NO, mixing ratios of ~1 ppb in the MBL
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Figure 10. MAX-DOAS HCHO DSCDs and mixing
ratios on 17 July 2004. Mixing ratios were calculated on
the basis of the “Trop” aerosol profile and a 700 m high
well-mixed boundary layer. The comparison with LP-DOAS
observations shows a very good agreement between the two
methods.
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Figure 11. MAX-DOAS NO, DSCDs and mixing ratios

on 17 July 2004. Mixing ratios were calculated on the basis
of the “Trop” aerosol profile and a 700 m high, well-mixed
boundary layer. The disagreement between MAX-DOAS
and LP-DOAS observations is most likely due to a shallow
layer of NO, above the ocean surface.

that show no dependence on the elevation angle before
1900 UT. The agreement between the four elevation view-
ing angles seems to suggest that the NO, in the MBL was
also well mixed. However, LP-DOAS and MAX-DOAS
nitrogen dioxide measurements on 17 July do not agree as
well as those of formaldehyde. LP-DOAS NO, was in
general 1-3 ppb higher and also showed a more pro-
nounced temporal variability. The most likely explanation
for this disagreement is a shallow layer of NO, from ship
emissions in the stable MBL between the coast and Apple-
dore Island. Because the LP-DOAS light beam is located in
this layer it is very sensitive to NO, close to the ocean
surface. The MAX—-DOAS, on the other hand, is fairly
insensitive to such a shallow pollution layer. Radiative
transfer calculations confirm that a layer ~50 m high with
3 ppb of NO,, as seen by the LP-DOAS, would not have
detectable influence on the MAX-DOAS results. The un-
certainty in the boundary layer averaged NO, mixing ratio
is approximately +0.2 ppb. Above 700 m altitude less than
0.1 ppb of NO, is present. As in the case of HCHO, the
boundary layer height is known to within =100 m.

[49] Our observations illustrate that care has to be taken
in using MAX-DOAS measurements for the interpretations
of other ground measurements. In particular in cases where
fresh emissions accumulate close to the surface, MAX-
DOAS will not probe the same air mass as ground-based
in situ instruments.

[50] On the other hand, the MAX-DOAS data delivers an
otherwise unobtainable piece of information, the NO, levels
averaged over the lowest few hundred meters of the
troposphere, an area which is otherwise difficult to probe.
The combination of in situ ground measurements and the
altitude averaged MAX-DOAS observations allows conclu-
sions on the mixing of the boundary layer, which can be a
valuable tool to assess how representative ground measure-
ments are for the entire boundary layer.

D10S01

3.3. Trace Gases on 11 July 2004

[s1] Figure 12 shows formaldehyde DSCDs measured by
MAX-DOAS on 11 July 2004. Surprisingly, the DSCDs do
not exhibit a dependence on the elevation viewing angle in
the morning, but are in the same range as those on 17 July.
A first conclusion of this observation is that HCHO is
located at a certain altitude above the ocean surface, as
illustrated in Figure 4. DBAMFs calculated for the aerosol
profile “Trop9” (Figure 5) were used by the method
described in section 2.6 to derive a formaldehyde vertical
concentration profile for 11 July 2004.

[s2] Through systematic testing of a large number of
HCHO vertical profiles we derived a profile for which the
DSCDs calculated from the profiles according to equation
(6) agreed with the measured DSCDs. Tested profiles were
created on the basis of a combination of meteorological
information and an understanding of how different altitudes
affect the DSCDs for different elevation viewing angles.

[53] While we cannot show all profiles tested in our
optimization procedure, we will illustrate the dependence
of the DSCDs on the profile using a selection of example
profiles (Figure 13). To confirm our first conclusion that
HCHO is elevated aloft we used a fairly uniform profile in
the lowest 3 km of the atmosphere (profile 5, Figure 13),
which shows a distinct disagreement at the lower elevation
DSCDs. A profile that only contained HCHO between 1
and 2 km altitude (profile 15, Figure 13) leads to the 5° and
1° DSCDs being too high and too low, respectively. To
increase the value of the 1° DSCD, we added HCHO in the
lower part of the profile (profiles 18, 19 and 20, Figure 13).
Finally HCHO was added above 2 km altitude, assuming an
exponential decay with height (profile 12, Figure 13). The
optimum profile (profile 12, Figure 13) thus has a low
HCHO mixing ratio at the surface of ~0.5 ppb = 0.5 ppb,
which is consistent with the LP-DOAS measurements
(Figure 12). A high formaldehyde mixing ratio of 3.6 +
0.7 ppb is found between 1 km and 2 km altitude, which is
within the layer of high aerosol extinction discussed above.
The HCHO levels then decrease exponentially above 2 km.
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Figure 12. MAX-DOAS DSCDs and LP-DOAS mixing
ratios of HCHO on 11 July 2004.
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Figure 13. HCHO vertical concentration profile used in
the analysis of the MAX-DOAS observations on 11 July
2004, 1500 UT. The black line with open circles shows the
HCHO vertical concentration profile that fits the observa-
tions best (profile 12). Other lines show other HCHO vertical
profiles used in the retrieval. The insert compares the HCHO
DSCDs calculated on the basis of the various profiles with the
observations by the MAX-DOAS instrument.

[s4] The formaldehyde concentrations in the pollution
layer are similar to the levels measured in the MBL on
17 July. Formaldehyde at Appledore Island originates from
the photochemical degradation of continental organic pre-
cursors. Because biogenic emission, for example of iso-
prene, are important in the New England area [Palmer et al.,
2003], continental air masses often contain elevated levels
of formaldehyde in the Gulf of Maine, even in the absence
of a large anthropogenic influence (see below). Consequently
it is not surprising that the maximum HCHO levels on the two
example days are similar. An explanation for the observed
aerosol and HCHO layer can be found in the particular
meteorology around Appledore Island. The Gulf of Maine
is known for a shallow, and stable, marine boundary layer
over which continental air is lifted and transported [Angevine
et al., 1996a]. Under these conditions, in situ measurements
techniques at the surface will not detect the pollution transport
aloft. MAX-DOAS, however, successfully detects these
events.

[ss] Between 1745 and 1930 UT negative HCHO DSCD
were observed by the MAX-DOAS. First, the 1° elevation
angle signal becomes negative, followed sequentially by the
3°,5°, and 15°. After excluding instrumental problems as an
explanation for these observations, we concluded that this
peculiar event was caused by changes in the meteorological
conditions in and around Appledore Island in combination
with the particular viewing geometry of the MAX-DOAS.

PIKELNAYA ET AL.: INTERCOMPARISON OF MAX- AND LP-DOAS

D10S01

[s6] As illustrated in Figure 1 the observations at different
viewing elevation angles are not only sensitive to the ver-
tical distribution of trace gases, as explained in section 2.6,
but in some cases also to horizontal gradients. Using a
description based on the modeled average or most likely
light path for a certain elevation angle it is possible to gain a
better understanding of the complex radiative transfer. The
light path close to the telescope is predominantly deter-
mined by geometry, i.e., equation (2a). The length of this
“geometric path,” i.e., distance from the telescope, is
determined by the last scattering event before the light
enters the telescope. The average distance and height of
the last scattering events can be determined by TRACY as
the average of these events over all simulated photon paths.
Please note that we will refer to the average value to
simplify the discussion. For our 11 July case the 1°, 3°,
5°, 15° and 90° final altitudes of the ““‘geometric paths” are
at 250 m, 650 m, 1100 m, 3500 m, and 5700 m respectively.
The horizontal distance between the telescope and the last
scattering event is ~13 km for the all low elevation
observations and 0 km for the zenith observation. Beyond
the “last” scattering altitude and up to an altitude of 4750 m,
5203 m, 5189 m, 6600 m, and 7200 m, respectively, single
or multiple scattering of sunlight occurs. It is difficult to
define a light path in this “scattering” layer, since the
intensity along the viewing geometry of the MAX-DOAS
is determined by the statistics of the scattering events.
However, it is qualitatively clear that the horizontal distance
from the telescope at which light passes through this layer
increases for decreasing elevation viewing angles.

[571 The MAX-DOAS approach is based on the compar-
ison of zenith and low elevation angle observations. To use
this technique for vertical profiling, assumptions on the
horizontal uniformity of the trace gas concentrations have to
be made. Such a case where we believe this condition was
met was described above. If, however, this condition is not

Portsmouth/

HCHO plume
at 15 UT

Figure 14. Proposed temporal evolution of the HCHO
plume over the Gulf of Maine explaining the negative
DSCDs observed between 1745 UT and 1930 UT on 11 July
2004.
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Figure 15. MAX-DOAS DSCDs and LP-DOAS mixing
ratios of NO, on 11 July 2004. MAX-DOAS DSCDs and
LP-DOAS mixing ratios of NO2 on 11 July 2004. The
derivation of the MAX-DOAS concentrations shown in the
bottom plot are discussed in the text.

met, challenges arise in the interpretation of MAX-DOAS
observations. We believe that we observed an extreme
horizontal concentration gradient between the location of
the instrument, and therefore the air mass probed by the
zenith scan, and the location where sunlight passes through
the “scattering layer,” i.e., where low elevation angles
probe the atmosphere above 500 m.

[s8] At 1500 UT the direction of the north-northeasterly
wind observed by the radar wind-profiler at all altitudes is
near-parallel to the MAX DOAS viewing geometry. Con-
ditions such as this alleviate problems of spatial inhomoge-
neity, and we observed a fairly uniform HCHO plume
between 1 km and 2 km altitude, which was located above all
parts of the MAX-DOAS line of sight. These conditions allowed
the determination of the vertical profile shown in Figure 13.
Between 1530 and 1730 UT, however, the wind direction
between 1 km and 2 km turned easterly (see Figure 14). This
leads to a situation where the plume is still present above
Appledore Island while it has drifted away from parts of the
lines of sight of the low elevation scans (Figure 14). As a
consequence the zenith scan at 1745 UT probes the HCHO
plume, while the 1° elevation scan, which probes the 1-2 km
altitude range in ~13 km distance, does not observe the
plume anymore. A comparison of the zenith scan with the
low elevation scan, as performed by the MAX-DOAS ana-
lysis, now leads to the negative 1° DSCDs. It is interesting
to note that a spectroscopic comparison between the 1°
spectra at 1500 UT and 1745 UT leads to similar negative
DSCDs, as expected from our scenario. The delay of the
decrease of the 3°, 5° and 15° DSCDs (Figure 12) can be
explained by the fact that the plume is initially still probed
by these elevation viewing angles because the distance from
Appledore Island to where the average light path crosses the
plume is smaller. Later the plume also moves such that these
light paths do not probe the plume anymore and their
DSCDs also become negative.

[s59] That inhomogeneous trace gas distributions can
challenge the MAX-DOAS approach has also been
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described by Heckel et al. [2005] and Leigh et al. [2006]
for urban areas. Our case, however, was found in an area
removed from direct sources and we did not expect to see
such an effect. The detailed analysis of the light path reveals
that for trace gas layers above ~500 m altitude, a homoge-
neity on the scale of ~10 km has to be assumed. While in
our case the effect was quite extreme, cases where the
DSCDs do not become negative may be more difficult to
identify. Our analysis also implies that the spatial scale at
which inhomogeneities can be tolerated is smaller at lower
altitudes, i.e., it is determined mostly by the geometry of the
light paths closer to the instrument.

[60] It is interesting to investigate whether a vertical NO,
profile similar to that of HCHO can be identified at 1500 UT
on 11 July. The MAX-DOAS NO, DSCDs show a clear
separation in elevation angle (Figure 15). Therefore there
must be a sizable amount of NO, in the MBL to cause the
DSCDs to strongly depend on the elevation viewing angle.
To investigate the NO, profile we again tested various
vertical concentration profiles (Figure 16), by comparing
calculated and measured DSCDs.

[61] The initial profiles assumed NO, confined to the
lowest 300 m of the MBL (profile 13 in Figure 16) and in a
layer from 1 to 2 km altitude (profile 17, Figure 16). The
opposite dependence of the DSCDs on elevation angle for
these two profile (see insert in Figure 16) leads to the
conclusion that a combination of the two profiles would
describe the actual situation better. This is shown in profiles
19, 21, and 24 in Figure 16. The best agreement between
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Figure 16. NO, vertical concentration profile used in the
analysis of the MAX-DOAS observations on 11 July 2004,
1500 UT. Profile 24 fits the NO, observations best. Other
vertical profiles used in the retrieval are also shown. The
insert compares the NO, DSCDs calculated on the basis of
the various profiles with the observations by the MAX-
DOAS instrument.

11 of 13



D10S01

measured and modeled DSCDs was found for profile 24
(Figure 16), which shows a linear decrease of the NO,
concentration in the MBL, somewhat elevated NO, between
1 and 2 km, and no NO, above 2 km. To investigate how
sensitive this result is to the variations of the concentration
of the elevated layer we varied its concentration and width.
Profiles 32 and 33 are examples of such variations. In
general, the agreement is not very sensitive to changes in
the range of £50 ppt. On the basis of all tested profiles we
can therefore put an uncertainty of ~50 ppt on the derived
NO, concentrations at different altitudes.

[62] The shape of the derived profile is a result of the
particular location and meteorology of the Isles of Shoals.
The elevated surface NO, and its sharp decline with altitude
in the lower MBL can be attributed to local NO, emissions,
similar to those observed on 17 July. The mixing ratio
observed by the MAX-DOAS in the lowest 100 m is ~300 =
50 ppt, while the LP-DOAS observed 500 = 160 ppt of NO,.
The MAX-DOAS surface mixing ratios immediately before
and after 1500 UT were also retrieved on the basis of the
aerosol profile “Trop9” (see Figure 15). The slightly higher
LP-DOAS mixing ratios from 1430 to 1600 UT are most
likely due to higher NO; levels in the lowest 50 m of the MBL
due to local emissions. The elevated NO, aloft originates
from continental outflow and can most likely be attributed to
a small anthropogenic influence. The observed mixing ratios
between 1 and 1.5 km altitude are ~100 + 50 ppt. It is
remarkable that the MAX-DOAS instrument can indeed
identify and quantify such low levels of NO, above the
MBL. We did not observe negative NO, DSCDs, as in the
case of HCHO, because NO, was largely located in the MBL
and was thus not influenced strongly by the movement of the
layer above the MBL, as discussed above.

4. Conclusions

[63] Simultaneous multiaxis and long-path DOAS meas-
urements were performed in summer 2004 at the Isles of
Shoals in the Gulf of Maine. The retrieval of O4, NO,, and
HCHO column densities from the MAX-DOAS measure-
ments and the comparison of NO, and HCHO concentra-
tions with LP-DOAS observations allowed the following
conclusions about the capabilities and accuracy of the
MAX-DOAS method.

[64] 1. Our results confirm previous studies [e.g., Wagner
et al., 2004] that MAX-DOAS O, observations can be used
to gain information on the vertical distribution of the aerosol
load, i.e., the aerosol extinction coefficient. This ability is
crucial to constrain the radiative transfer calculations re-
quired for the trace gas retrieval. Our manual approach,
which used one O, band together with meteorological
information showed the potential of MAX-DOAS as an
automatic ground-based remote sensing tool for aerosols. In
a recent theoretical study, Friess et al. [2006] showed that
expansion to more O4 bands and the inclusion of the
intensity will further improve this capability.

[65] 2. Ground-based MAX-DOAS is able to accurately
measure trace gas concentrations at the surface under
conditions where these gases are evenly distributed within
the lower part of the mixed layer, i.e., in the absence of
significant local sources. When trace gases are not evenly
distributed in the mixed layer, MAX-DOAS retrieves ver-
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tically averaged concentrations and care has to be taken in
the interpretation of these observations.

[66] 3. Vertical trace gas concentration profiles can be
retrieved by MAX-DOAS, as shown in the example of a
layer of elevated aerosol extinction and HCHO above the
MBL. However, the interpretation of MAX-DOAS meas-
urements is more challenging in this case and it is helpful to
constrain the profiles with the meteorological or other
observations.

[67] 4. Horizontal inhomogeneities in trace gas concen-
trations within the spatial range of the MAX-DOAS view-
ing geometry, i.e., ~13 km in our case for layers above the
MBL, make the derivation of trace gas profiles difficult if
not impossible without additional measurements. A possible
solution for this problem would be the placement of another
MAX-DOAS system at 5—10 km distance with a perpen-
dicular line of sight, which would possibly provide enough
information to constrain the retrieval.

[68] Our observations showed the applicability of MAX-
DOAS as a remote sensing method for aerosols and trace
gases. Considering the relative simplicity of the MAX-
DOAS setup and the capability to operate fully automated
and without assistance for extended periods of time, MAX-
DOAS has the potential to become an important monitoring
method in the future.
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